Purpose A single nucleotide polymorphism, rs10486567, in JAZF1 has consistently been associated with increased risk of prostate cancer. The physical interaction of zinc finger proteins, such as JAZF1, with heavy metals may play a role in carcinogenesis. This study assessed potential gene-environment statistical interactions (G9E) between rs10486567 and heavy metals in prostate cancer. Methods In a case-only study of 228 African American prostate cancer cases, G9E between rs10486567 and sources of cadmium and lead (Pb) were assessed. Unconditional logistic regression was used to estimate interaction odds ratios (IORs), and generalized estimating equations were used for models containing nested data. Case-control validation of IORs was performed, using 82 controls frequency matched to cases on age-race. Results Among cases, a potential G9E interaction was observed between rs10486567 CC genotype and living in a Census tract with a high proportion of housing built before 1950, a proxy for household Pb exposure, when compared to CT or TT carriers (OR 1.81; 95 % CI 1.04-3.16; p = 0.036). A stronger G9E interaction was observed when both housing and occupational Pb exposure were taken into account (OR 2.62; 95 % CI 1.03-6.68; p = 0.04). Case-control stratified analyses showed the 
Introduction
Prostate cancer accounts for nearly forty percent of all new cancers diagnosed in African American men [1] . Although both genetic and environmental factors are considered to play a role in prostate cancer, specific gene-environment (G9E) interactions have remained elusive. Genome-wide association studies (GWAS) are identifying potentially important risk variants [2] [3] [4] , and the functional genes associated with these variants may ultimately provide insight into environmental risk factors for the disease.
A single nucleotide polymorphism (SNP), in intron two of the gene juxtaposed with another zinc finger protein 1 (JAZF1), rs10486567, has emerged as a locus of interest for prostate cancer [5] , and after additional sequencing within the gene, rs10486567 remains the strongest association with risk of prostate cancer [6] . Although the functional relevance of rs10486567 has yet to be identified, JAZF1 is known to encode a cysteine 2 histidine 2 (Cys 2 -His 2 ) zinc finger protein, a structural type of zinc finger that has been shown to interact with heavy metals such as cadmium (Cd) and lead (Pb) in vitro [7, 8] . Interaction of zinc finger proteins with heavy metals is one of the proposed mechanisms for metal carcinogenesis [9] [10] [11] . Zinc finger motifs are involved in protein-protein and protein-DNA interactions, and zinc finger proteins are involved in DNA repair, transcription, and tumor suppression. Heavy metals have already been shown to affect the structure and function of key zinc finger proteins involved in carcinogenesis such as the tumor suppressor p53 [12] and inhibition of the DNA strand-break repair protein poly (ADPribose) polymerase (PARP) [13] . Each of these zinc finger proteins appears to be affected by a specific metal or subset of metals [10] .
Cadmium and Pb are known to adversely affect the male reproductive system [14] and are recognized as carcinogens in animals. The International Agency on Cancer Research (IARC) recognizes Cd as a carcinogen in humans as well. Although Cd has been implicated in prostate cancer, studies have been mixed [15] . Cd has been linked to other cancers including lung [16] cancer. The epidemiological evidence for Pb as a human carcinogen has been lacking. At present, inorganic Pb and Pb compounds are classified as probable human carcinogens (Group 2A), and organic Pb remains unclassifiable as to its carcinogenicity in humans (Group 3) [17, 18] . Perhaps the most compelling evidence for considering Pb as a risk factor for prostate cancer is the observation by Telisman et al. [19] that Pb-exposed workers have lower seminal fluid zinc levels compared to unexposed controls. The same observation has been made in prostate cancer cases compared to healthy controls [20] , an interesting observation since the prostate produces 30 % of seminal fluid and prostate tumor tissue contains significantly lower zinc than adjacent normal tissue [21] . Low seminal fluid zinc levels have been proposed as a biomarker for prostate cancer [22] .
Exposure to Cd and Pb can occur through several sources including occupation and smoking. A less frequently considered exposure source for adults is older housing, which contains Pb-based paint. Although household Pb exposure is generally associated with children, adult blood Pb levels have been correlated with household dust Pb levels [23] , peeling paint [24] , and the year housing was built [25, 26] . Krieger with others [27, 28] used the proportion of housing built before 1940, and Sargent et al. [29] used housing built before 1950 to demarcate housing with high likelihood for Pb exposure. In 1997, the Centers for Disease Control recommended blood Pb testing for children living in zip codes with C27 % of homes built before 1950 [30] . African American men who predominantly reside in urban areas with older housing stock and lower household incomes may be at particular risk of metal exposure associated with Pb-based paint.
Epidemiological studies of the association between Cd [31] [32] [33] [34] and Pb [35, 36] and prostate cancer have shown mixed results but no study to date has accounted for genetic variation that may predispose some men to greater pathological or physiological effects of these metals. Therefore, using a statistically efficient case-only design, we evaluated the potential for an interaction between the JAZF1 rs10486567 polymorphism and sources of Cd and Pb exposure in African American prostate cancer cases, and case-control analyses were carried out to validate the caseonly findings.
Methods

Prostate cancer cases and controls
Cases and controls included here were enrolled in the Gene-Environment Interaction in Prostate Cancer (GE-CAP) study between 2001 and 2004. Further details on these subjects can be found in previous reports [37, 38] . In brief, GECAP was designed as a case-only [39] study, an efficient method for identifying gene-environment interactions, and includes 273 African American cases. A small number of age and race frequency matched controls were enrolled (one control: three cases) so that the case-only assumption of gene-environment independence at the population level could be verified. GECAP cases and controls were patients of a large urban health system that serves workers from the automotive industry and associated manufacturing companies. All incident pathologically confirmed prostate cancer cases who met study enrollment criteria (\75 years of age) were contacted for participation in GECAP. Cases and controls were required to have at least one primary care visit within the health system in the 5 years prior to diagnosis or study enrollment, so that basic medical history information was available for all subjects. Controls provided a blood sample for PSA testing at the time of enrollment and had no prior history of prostate cancer. African American GECAP subjects who gave consent for use of their DNA were genotyped for JAZF1 rs10486567 as part of the Men of African Descent and Prostate Cancer Consortium (MADCaP) [40] . GECAP is the only study within the MADCaP consortium to have captured detailed occupational histories and to have had those histories semi-quantitatively coded by trained industrial hygienists. All study protocols were approved by the Institution's Human Subjects Committee.
JAZF1 genotyping
JAZF1 rs10486567 genotyping was completed at the University of Pennsylvania in 230 cases and 90 controls by TaqMan TM assay using the 7900HT Fast Real-Time PCR Machine. Mixes of primers and probes were predesigned by and purchased from Applied Biosystems [40] . Two cases were removed who had low levels (\2 %) of West African ancestry, as determined in a previous study [41] .
Occupational metal exposure, smoking, and clinical history Lifetime cumulative occupational exposure to Cd and Pb was captured during extensive face-to-face interviews. As previously reported [37] , job histories from the age of 18 to diagnosis (cases) or enrollment (controls) were collected by a trained study interviewer and included job-specific modules to enhance collection of relevant information for the exposures of interest, metals, and polycyclic aromatic hydrocarbons. Job histories were then reviewed by one of the two industrial hygienists (IH), using semi-quantitative exposure assessment. Ten percent of job histories were reviewed by both IH across the course of the study to insure similar coding practices. For each job, the industrial hygienist assessed the probability of exposure, the years exposure likely started and ended, the percent of work time per year the exposure likely occurred, and the route of exposure (contact, respiratory, or both). Respiratory exposures were coded by intensity. Smoking was self-reported and included information on start and stop dates, as well as the quantity of cigarettes smoked per day. Medical record review was conducted by certified medical record abstractors and included history of benign prostatic hypertrophy (BPH) for all subjects. PSA at diagnosis and pathological findings were abstracted from medical records for cases. A PSA test for the GECAP study was completed on all controls at enrollment.
Census tract data
Residential address at the time of diagnosis was geocoded using MapInfo Professional Ò v7.0 and MapMarker Ò v.8.1 software programs (MapInfo Corporation, Troy, NY), in conjunction with Spatial Re-Engineering Consultant's (SRC) Portfolio Desktop Ò (Orange, CA). Age of Census tract housing and median household income were captured using the US Census 2000 Summary File 3. The percent of homes in the Census tract that were built before 1950 was used as the proxy for potential household Pb exposure and was calculated as ((H034009 ? H034010)/ H034001) 9 100, where H034009 is equal to the total housing units built between 1940 and 1949, H034010 is equal to the total housing units built before 1939, and H034001 is the total housing units in the Census tract.
Statistical methods
Evaluation of genotype frequencies for Hardy-Weinberg equilibrium was accomplished with the chi-square test among controls. In all of the analyses, JAZF1 rs10486567 genotype is coded as CC versus the referent of TC/TT (i.e., a recessive genetic model). This coding was selected because few subjects carried the TT genotype.
To estimate both respiratory and cutaneous cumulative lifetime occupational Cd and Pb exposure, a semi-quantitative exposure index was calculated for each study subject based on his job-specific IH exposure assessment [37] . We used lifetime cumulative respiratory exposure to Cd (no, yes) or Pb (no, low, and high) in this analysis as cutaneous exposures were not graded by intensity and because of the difficulty in ascertaining relative intensities and doses between cutaneous and respiratory Cd and Pb. In addition, cutaneous absorption of Pb is affected by inorganic versus organic status of the metal, cleaning methods, perspiration level, and skin integrity [42] [43] [44] [45] [46] , making exposure very difficult to estimate. Further, occupational cutaneous and respiratory metal exposures were highly correlated. Low and high respiratory Pb exposure was determined according to the median Pb exposure for all subjects exposed (157 cases and 56 controls) since the primary study design was case-only and only a small number of controls were enrolled to confirm G9E independence. Smoking status was categorized as never, Bthe median (21 pack-years) pack-years, or [than the median pack-years, with ''never'' used as the referent. Census tract housing built before 1950 was categorized as low or high based on the median percentage in Census tracts among all study subjects (low B48.4 %, high [48.4 %).
Gene-environment interactions between JAZF1 and occupational lead exposure were tested in the case sample using logistic regression models that had genotype as the dependent variable and the exposure as the independent variable. Models also controlled for confounders such as age and BPH. The case-only design relies on an assumption of gene and environment independence at the population level [47] . Therefore, we additionally conducted standard case-control models to validate this assumption, with each G9E interaction coded as a multiplicative term in the model. Generalized estimating equations (GEE) were used to address the nesting within Census tracts. Case-only gene-environment interaction odds ratios (OR) and casecontrol OR and interaction odds ratios (IOR) were computed from the respective logistic models and are reported with corresponding 95 % confidence intervals (95 % CI). Hypothesis testing was carried out using a likelihood ratio test. p values of B0.05 were considered statistically significant. All analyses were carried out using IBM Ò SPSS Ò statistical software (version 19).
Results
Subject characteristics
Characteristics of prostate cancer cases and controls are summarized in Table 1 . More than half (55.8 %) of all subjects were carriers of the JAZF1 CC genotype. Seventy percent of subjects had a history of smoking, and the median proportion of housing built before 1950 in Census tracts was 48.4 %. Industrial hygienist review of in-depth interviews identified occupational Cd and Pb exposure in 17 and 69 % of subjects, respectively. Initial exposure took place prior to diagnosis/enrollment an average of 28.9 years for Cd (range 4-51 years) and 37.2 years for Pb (range 3-54 years). Cases were exposed to Cd at a younger age on average than controls (Table 1) . It should be noted, however, that only ten controls were determined to have occupational exposure to Cd. The predominant route of exposure was through respiration for both metals. Cd exposure and Pb exposure were highly correlated, with Pb exposure occurring in 49 of the 51 subjects determined to have an occupational Cd exposure. Smoking status and the proportion of housing built before 1950 in the Census tract were not associated with occupational Pb (smoking status 9 job Pb, p = 0.72; older housing 9 job Pb, p = 0.87) or Cd (smoking status 9 job Cd, p = 0.48; older housing 9 job Cd, p = 0.35) exposure among all subjects, Interaction odds ratio (IOR), confidence interval (CI), housing built before 1950, less than or equal median proportion (Low), greater than median proportion (High), Lead, less than or equal to median for those exposed (Low Pb), greater than median for those exposed (High Pb)* OR and IOR adjusted for age and BPH GEE used for models based on Census tracts
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Discussion
In this case-only study of African American men with prostate cancer, we found indications of a gene-environment interaction between JAZF1 rs10486567 and a high proportion of Census tract housing built before 1950, our proxy for household Pb exposure. Further, there was suggestive evidence of a similar interaction with occupational Pb exposure. Upon combining these two Pb exposure measures, we found an even stronger association between the JAZF1 high-risk genotype (CC) and overall Pb exposure in prostate cancer cases. These results are interesting given that the JAZF1 rs10486567 risk allele (''C'') frequency does not differ greatly between African (0.68) and European men (0.73) [48] , but African American men have historically been residentially segregated to neighborhoods with older housing and have been shown to have higher body burden of Pb than European American men [49, 50] . While our most suggestive finding occurred with the exposure of older housing, it should be noted that this exposure could be a marker of many exposures other than Pb. For example, a study of breast cancer on Long Island found higher exposure to electromagnetic fields (EMF) in neighborhoods with a higher proportion of housing built before 1950, although EMF was not associated with breast cancer risk [51] . The higher EMF was due to differences in the configuration of electrical lines in older neighborhoods compared to more recently constructed subdivisions. In a study of electrical workers [52] , workers in the top 10 % of EMF exposure had double the prostate cancer mortality of those with the lowest EMF exposure. Older housing has also been associated with higher rates of infection in children [53] , potentially leading to higher rates of inflammation. However, a study of middle-aged African Americans showed no difference in markers of inflammation by housing conditions [54] , although they did not specifically consider age of housing. A higher proportion of older housing is also correlated with lower income and education levels and could be associated with other social variables that may explain our findings as well. However, it is well established that living in housing built before 1950 can result in exposure to Pb, and given what is currently known about JAZF1, a G9E interaction between JAZF1 and Pb is biologically plausible. In addition, the results for occupational Pb exposure and older housing were consistent.
The JAZF1 gene encodes a triple-Cys 2 His 2 zinc finger protein [55] , and previous reports indicate that Pb and Cd can inhibit the DNA-binding capacity of this type of zinc finger protein. Triple-Cys 2 His 2 proteins are part of a large family of zinc finger proteins that also include multipleadjacent-and separated-paired-Cys 2 His 2 zinc finger proteins. Hanas et al. [7] reported that Cd and Pb both inhibited the DNA-binding capacity of TFIIIA, and a triple-Cys 2 His 2 zinc finger, in Xenopus and using Cd and zinc fingers with other structures, showed specific effects of the metal with triple-Cys 2 His 2 zinc finger proteins. Inhibition of DNA binding was reported at concentrations as low as 0.1 lM for Cd, which is a physiologically relevant level. Later work by this same group showed that low levels of Pb (5-10 lM) inhibited DNA binding of TFIIIA and another zinc finger with similar structure, Sp1, but not AP2 a transcription factor with no cysteine-rich finger motifs [8] .
Changes in JAZF1 DNA-binding by Pb may affect JAZF1 and its direct repression of nuclear receptor subfamily 2, group C, member 2 (NR2C2) [55] . NR2C2 is over expressed in prostate tumor tissue [56, 57] . Pb may be able to inhibit the JAZF1 protein, allowing NR2C2 to go unchecked. NR2C2 interacts with the androgen receptor [58, 59] , and its expression is also positively associated with glucose production in a human hepatoma cells [60] . NR2C2 controls the expression of the oncoprotein Bcl-2 as well. Bcl-2 is over expressed in many tumors and has antiapoptotic effects. Therefore, changes that may result from the inhibition of JAZF1 DNA binding may lead to deleterious downstream effects. No published reports, however, have confirmed an effect of Pb or other heavy metals on JAZF1 function. In addition, there is no clear understanding of the functional role rs10486567, an intronic SNP, might play. If rs10486567 affects transcription of the JAZF1 gene, and thereby the amount of protein produced, it may be harmless when the Pb to Zn ratio is low but harmful when this ratio is high.
To date, most of the focus on metals and prostate cancer risk has been on Cd [15, 31, 61] , and few epidemiological studies have assessed associations between Pb and prostate cancer risk [35, 36] . Surprisingly, most of the evidence against an association between Pb and prostate cancer has come from retrospective studies that failed to find higher prostate cancer mortality rates in Pb-exposed workers [62] [63] [64] [65] [66] . But mortality may not be a good outcome for identifying environmental risk factors for prostate cancer, as most men die with prostate cancer, not from prostate cancer. Pb exposure has been associated with deaths due to cancers of the lung, brain, stomach, and kidney, which all have much shorter survival times and higher mortality rates. Studies which have investigated the association between Pb exposure and risk of prostate cancer have been mixed. Using the Adult Blood Lead Epidemiology Surveillance System (ABLES) matched to the New Jersey State Cancer Registry, Lam et al. [35] found an overall deficit in cancer diagnoses among Pb-exposed workers and lower than expected incidence of prostate cancer [standardized incidence ratio 0.35 (0.20-0.57)]. Rousseau et al. [36] in a case-control study in Montreal, Canada (1979 Canada ( -1985 , conducted occupational interviews with 449 prostate cancer and 533 population controls and found a nonsignificant elevated risk of prostate cancer among those exposed to organic Pb (number of cases exposed = 15; OR 1.9; 95 % CI 0.8-4.6) and those exposed to inorganic Pb (cases exposed = 78; OR 1.1; 95 % CI 0.7-1.6). Pb in gasoline emissions (cases exposed = 169) was not associated with increased risk of prostate cancer (OR 0.9; 95 % CI 0.7-1.2). It is widely known that the male reproductive system is adversely affected by Pb [67, 68] , and Pb has been associated with poorer sperm quality [69] and erectile dysfunction [70] . Higher PSA levels have also been reported to be associated with Cd [71] and with Pb [72] exposure. However, while some have argued that significant main effects should be present in order to evaluate gene-environment interactions [73] , others [74] have noted that this requirement may miss true gene-environment interactions when associations are in opposite directions across different exposure categories or genotypes. Teasing apart prostate cancer risk associated with Pb and Cd exposure, which has been equivocal to date [15, 32, 35, 36] , likely requires consideration of genetic variation, such as JAZF1 rs10486567, that potentially modifies prostate cancer risk via G9E.
There were several limitations to this study. First, while the primary hypotheses tested (i.e., the four case-only G9Es) were narrowly defined and had an a priori biological basis, it is possible that these results were due to chance alone, and additional evidence is necessary to validate the suggestive and thought provoking G9E interaction effect between JAZF1 rs10486567 and Pb exposure on prostate cancer risk. Although initial exposure to Cd or Pb took place many years prior to the prostate cancer diagnosis or study enrollment, lending plausibility to our findings, we had no direct measurement of Cd or Pb in prostate tissue was available, a common problem among environmental exposure studies. However, in a study of adult brain tumors, Bhatti et al. [75] reported that using a method similar to our lifetime occupational exposure assessment with expert review of detailed work histories was superior in detecting effect modification between lead exposure and genotype than a less intensive method using a job exposure matrix. Still, our categorizations of Pb and Cd level, which is common practice in occupational exposure assessment, may be problematic as there could be random misclassification, which would typically attenuate estimates toward the null. However, with our small sample size, these estimates could be further affected. We also did not attempt to collect information on metal exposure prior to the age of 18, although many of these older African American men likely worked in heavily contaminated environments in their youth. We anticipate this omission would, again, have biased our results to the null. In addition, we were only able to assess the Census tract housing associated with the address at time of diagnosis. During the time this study was conducted, Michigan had the third highest home ownership rate in the nation (73.8 %) and a relatively high homeownership rate among African Americans (50.7 %). Among the African American men in GECAP, 70.3 % were homeowners. Home owners have longer tenure than renters, this may account for our findings using only one place of residence. We could not adequately evaluate Cd interactions or disentangle combined Cd-Pb interactions with JAZF1 because of the small number of occupationally exposed individuals. However, smoking, considered one of the greatest sources of Cd in the US population, showed no interaction with JAZF1 in our subjects. It should be noted that although old housing is best known for Pb exposure, small quantities of Cd are contained in house paint [76] . Finally, Pb exposure has been associated with erectile dysfunction [70] and male fertility [14] , two variables we did not have in our data set. We did control for benign prostatic hyperplasia, which did not change results appreciably.
In conclusion, our findings suggest that the association between JAZF1 rs10486567 and prostate cancer may be modified by Pb exposure (residential and possibly occupational) in African Americans. Basic science research on the effects of heavy metals on JAZF1 would give further insight into our results. Further, replication of our findings, in larger studies and in other racial/ethnic groups, is needed to substantiate this initial G9E report. If upheld, our findings may have particular relevance for African American men who have been residentially segregated to urban environments and have historically been shown to have higher body burden of Pb [49, 50] .
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